A flexible piezo-driven active H 2 S sensor has been fabricated from CdS nanorod arrays. By coupling the piezoelectric and gas sensing properties of CdS nanorods, the piezoelectric output generated by CdS nanorod arrays acts not only as a power source, but also as a response signal to H 2 S. Under externally applied compressive force, the piezoelectric output of CdS nanorod arrays is very sensitive to H 2 S. Upon exposure to 600 ppm H 2 S, the piezoelectric output of the device decreased from 0.32 V (in air) to 0.12 V. Such a flexible device can be driven by the tiny mechanical energy in our living environment, such as human finger pinching. Our research can stimulate a research trend on designing new material systems and device structures for high-performance piezo-driven active gas sensors.
Introduction
Gas sensors for detecting toxic gas, such as H 2 S, CO and NO, have important applications in industrial production and atmospheric pollution monitoring [1] [2] [3] . In recent years, the well-known '3S' of gas sensing (sensitivity, selectivity and stability) has been greatly enhanced by using metal oxide one-dimensional (1D) nanostructures because of their high surface-to-volume ratio, such as ZnO, SnO 2 and In 2 O 3 nanowires/tubes [4] [5] [6] . On the other hand, lowering the operation temperature of gas sensors remains a challenge due to the temperature limitation of the chemical reaction on the surface of metal oxide nanostructures [7, 8] . Although UV assistance, catalyst modification and introducing heterostructures show their potential in realizing room-temperature gas sensing, high cost, complicated device structure and difficult operation restrain their practical applications at industrial level [9] [10] [11] .
In our previous report, piezo-driven active gas sensing was first realized by a ZnO nanowire nanogenerator, and at room temperature the piezoelectric output of the ZnO nanowires acts not only as a power source, but also as a response signal to target gas [12] . The piezoelectric and gas sensing properties of ZnO nanowires are coupled into one single physical process through the atmosphere-dependent screen effect on the piezoelectric output. This new mechanism opens a new direction for the development of the next generation of gas sensors and expands the scope of self-powered nanosystems. However, it should be noted that ZnO nanowires in the prototype piezo-driven active gas sensors may be corroded by H 2 S with high reducing properties [13] . Therefore, there is an urgent demand to explore new nanostructured materials that have good gas sensing performance, high piezoelectric output and also high chemical stability.
CdS 1D nanostructures with a non-central symmetric wurtzite structure have been reported to be good candidates for piezoelectric nanogenerators [14, 15] . The Cd 2+ cations and S 2− anions are tetrahedrally coordinated and the centres of the positive ions and negative ions overlap with each other. If stress is applied on CdS 1D nanostructures, the centres of the cations and anions are relatively displaced, resulting in a dipole moment. A constructive add-up of the dipole moments created by all units in the crystal creates a piezoelectric field, which results in a macroscopic potential drop in the crystal [16] . Recently, CdS 1D nanostructures have also been confirmed as good gas sensing materials. Upon exposure to reducing gases, the oxygen ions adsorbed on the surface of CdS 1D nanostructures can be banished, resulting in the decrease of depletion width and the increase of the conductivity of CdS [17, 18] . Additionally, as a metal sulfide, CdS has high stability in a H 2 S atmosphere.
In this paper, a piezo-driven active H 2 S sensor has been fabricated from CdS nanorod arrays. By coupling the piezoelectric and gas sensing properties of CdS nanorods, highly sensitive piezo-driven active H 2 S sensing has been achieved. Under externally applied compressive force, the piezoelectric output of the device is very sensitive to H 2 S. Upon exposure to 600 ppm H 2 S, the piezoelectric output of the device decreased from 0.32 V (in air) to 0.12 V. The experimental data demonstrate that a CdS nanogenerator can act as a highly sensitive H 2 S sensor without requiring external electric power. We have also demonstrated that the flexible device structure can be driven by the tiny mechanical energy in our living environment, such as human finger pinching [19] [20] [21] . Our research can stimulate a research trend on designing new material systems and device structures for high-performance piezo-driven active gas sensors.
Experimental section
Vertically aligned CdS nanorod arrays were synthesized by a hydrothermal method. Prior to growth, a piece of Ti foil as the substrate was cleaned with deionized water and alcohol, and dried at 60 • C, as shown in figure 1(a). Then CdS nanorod arrays were grown on the Ti substrate, as shown in figure 1(b). 1 mmol of cadmium nitrate, 3 mmol of thiourea and 3.6 mmol of glutathione were added into 40 ml of deionized water in sequence to prepare a reaction solution. After dissolving evenly, the mixture was transferred into a 50 ml Teflon-lined autoclave that was heated to 200 • C and kept for 48 h with the pre-cleaned Ti foil immersed in the solution. After cooling down to room temperature, the substrate was removed from the solution, rinsed with deionized water, and dried at 60 • C.
As shown in figure 1(c), the piezo-driven H 2 S sensor was fabricated from three parts: CdS nanorod arrays, Ti foil and Al layer as electrodes, and Kapton boards as substrates. A sheet of flexible Al layer (0.05 mm thick) was positioned on the top of the CdS nanorod arrays as the counter electrode. Two terminal copper leads were glued with silver paste onto the Ti foil and the Al layer respectively, for electrical measurements. Then the finished device was fixed between two sheets of Kapton board firmly, to maintain its stability. The device was connected to the outside circuit that monitors the change of piezoelectric output voltage upon exposure to H 2 S under externally applied deformation. A low-noise preamplifier (Model SR560, Stanford Research Systems) was used to measure the piezoelectric output voltage. device can be easily bent by the fingers. The flexibility of the device is a good feature that makes it effectively convert tiny mechanical energy into electricity. The device has a length of 2.5 cm and a width of 2.5 cm. is much higher than all the other diffraction peaks of CdS. This XRD pattern suggests the preferred crystal orientation of the CdS nanorods, which is consistent with the TEM result. Figure 3 (a) shows the piezoelectric output response of a device in dry air, H 2 S (200, 400 and 600 ppm) and pure oxygen at room temperature. The compressive force applied on the device is 34 N at a frequency of 0.45 Hz. The area of the hammer for applying the compressive force is larger than that of the device. The hammer is controlled by a programmed motor, and the force and frequency are constant. Thus the hammer can provide stable and uniform strain on the device for the experimental measurement. Upon exposure to dry air, 200, 400, 600 ppm H 2 S and pure oxygen, the piezoelectric voltage of the device is about 0.32, 0.28, 0.20, 0.12 V and 0.53 V, respectively. It can also be seen that high stability has been obtained. The piezoelectric output generated by CdS nanorods acts not only as a power source, but also as a gas sensing signal. The piezoelectric output of the device is dependent on the outside atmosphere. Figure 3(b) shows the piezoelectric voltage of the device in different concentrations of H 2 S at room temperature. With the increasing concentration of H 2 S gas, the piezoelectric output decreases. Similar to the traditional definition of the sensitivity of gas sensors (S% =
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× 100%, where R a and R g represent the resistance of the sensor in dry air and in the test gas, respectively) [22] , the response of the piezo-driven active H 2 S sensor can be simply presented as follows: where V a and V g are the piezoelectric output voltage of the device in dry air and in the test gas, respectively. The response of the piezo-driven gas sensor against 200, 400 and 600 ppm H 2 S is 12.5, 37.5 and 62.5, respectively. Upon exposure to pure oxygen, the response of the device is 65.6. Such a response is higher than that of the ZnO nanowire based piezo-driven gas sensors in our previous report [12] . This good performance can be attributed to the atmosphere-dependent screen effect on the piezoelectric output of the CdS nanorod arrays and their high chemical stability in H 2 S [23] . We also have conducted experiments against methanol, ethanol and acetone gases, and no obvious response can be obtained against these gases, confirming high selectivity for H 2 S sensing. As H 2 S has high reducibility, the reaction between H 2 S and oxygen ions can take place at room temperature as discussed below. Previous reports have shown that CdS nanorods have a high density of point defects on the surface, which provide n-type carriers (electrons) for their conductivity [24] . Also, from previous theoretical and experimental works, the change in free-carrier density can affect the intrinsic potential of the Schottky contact or p-n junction in piezoelectronic devices [25, 26] . Alternatively, the free-carrier density at the surfaces of CdS nanorods can be affected by oxidizing or reducing gas adsorbed on the surface, which greatly changes the screening of the piezoelectric polarization charges at the interface by the free carriers, thus affecting the piezoelectric output of the device. In the above measurements, CdS under the same strain has different piezoelectric outputs upon exposure to different gases, and with increasing concentration of H 2 S, the piezoelectric output of the device decreases. CdS nanorods have two functions: one is as an energy source because the CdS nanorods can produce piezoelectric output power; the other is a gas sensor function because the piezoelectric output of CdS nanorods is a measure of surface state.
The detailed working mechanism of a CdS piezo-driven active H 2 S sensor is shown in figure 4 . When CdS nanorod arrays are exposed to dry air without any compressive force, as shown in figure 4(a) , CdS nanorod arrays are in the natural state, and no piezoelectric field is created along the CdS nanorods. Oxygen molecules in air are adsorbed on the surface of CdS nanorods, which can capture free electrons to form negative oxygen ions (O − 2 ) [27] . Thus the electron density decreases, and the thickness of the depletion layer in the CdS nanorods increases in dry air. When the device in dry air is under a compressive strain, as shown in figure 4 (b), a piezoelectric field is created along the CdS nanorods, and free electrons in the conduction band can screen positive piezoelectric charges at one end, while leaving the negative ionic piezoelectric charges alone [12] . As the electron density decreases and the depletion layer thickens in dry air, the screen effect of electrons is very weak and the piezoelectric output is relatively high. Upon exposure to pure oxygen, more oxygen molecules can be adsorbed on the surface of the CdS nanorods, resulting in higher piezoelectric output. When CdS nanorod arrays are exposed to H 2 S without any compressive force, as shown in figure 4(c), no piezoelectric field is created along the CdS nanorods. H 2 S molecules with strong reducibility can react with oxygen ions on the surface of CdS nanorods (2H 2 S + 3O [28] . The electrons captured by oxygen ions are released back into the conduction band of the CdS nanorods, resulting in the increase of electron density and the decrease of the depletion layer. When the device in H 2 S is under compressive strain, as shown in figure 4(d) , the screening effect of free electrons is extremely strong because of the high electron density, and the piezoelectric output is lower than that in air.
The flexible device structure can effectively convert tiny mechanical energy into electricity. As shown in figure 5 , such a CdS piezo-driven active H 2 S sensor can be driven by the tiny mechanical energy in our living environment, such as human finger pinching. As shown in figure 5(a) , with finger pinching, the device is pressed on both sides and the CdS nanorods are under compressive deformation. Figures 5(b) , (c) and (d) show the piezoelectric output of the device with finger pinching in dry air, H 2 S and pure oxygen, respectively. Their piezoelectric voltages are 0.30 V, 0.17 V, and 0.44 V, respectively. These results show that the device has practical applications in room-temperature detection of H 2 S.
Conclusions
In summary, a flexible piezo-driven active H 2 S sensor was fabricated from CdS nanorod arrays. The piezoelectric signal generated by CdS nanorods acted not only as a power source, but also as a response signal to H 2 S. Under externally applied compressive force, the piezoelectric output of the device was very sensitive to H 2 S at room temperature. It has also been demonstrated that the flexible device could be driven by human body movement. Such a development of CdS piezo-driven active H 2 S sensors is an important step for practical applications in actively detecting toxic gases at room temperature.
